Inner ear hair cells play a major role in the auditory pathway that converts sound stimulation into electrical signals, and then into a neural code. However this function is often lost by aminoglycoside ototoxicity. The injury of inner ear hair cells from aminoglycoside treatment is considered apoptosis, and caspase is an important participant in the apoptosis pathway in many organs. It has been reported that calpain, a calcium-dependent protease, is essential for mediation and promotion of cell death. The purpose of the present study was to investigate effects of caspase and calpain inhibitors on the inner ear hair cells after aminoglycoside treatment, and to explore the cell death pathway. Cochlea explant cultures were prepared from mice of postnatal 6 days, cultured with neomycin and/or protease inhibitors, and then stained with phalloidin-fluorescein isothiocyanate (phalloidin-FITC), which was used as a marker to identify surviving hair cells. We demonstrated that neomycin (0.1-1 mM) reduced the number of outer hair cells in a dose-dependent manner. Furthermore, we showed that leupeptin, a calpain inhibitor, significantly protects against the neomycin-induced loss of outer hair cells, whereas a caspase inhibitor was effective only against a lower concentration of neomycin (0.2 mM). Using the TdT-mediated dUTP-biotin nick and labeling method, we also found that a calpain inhibitor, but not a caspase inhibitor, prevents apoptotic DNA fragmentation after treatment with 1 mM neomycin. These results suggest that calpain, rather than caspase, may be responsible for apoptosis induced by aminoglycoside. Thus, leupeptin may prevent hearing loss from aminoglycoside ototoxity.
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The cochlea is a sensory organ in the inner ear that converts sound stimulation into electrical signals, and then into a neural code in the central auditory pathway. This process is based upon the ion transport system. Electrical phenomena in the cochlea include the endocochlear potential, receptor potential of the sensory hair cells, outer hair cells motility, and neurotransmission, all of which are involved in the maintenance of the intra-and extracellar chemical and electrical environment (Ikeda 2004) . But this function is often lost by sound overstimulation, aging and side effects of drugs such as cisplatin, loop diuretic and aminoglycoside.
Aminoglycosides are therapeutically useful antibiotics due to their low cost and effectiveness in treating Gram-negative bacterial infections. However, their clinical usefulness is limited because they are nephrotoxic and ototoxic. To find a strategy to prevent ototoxicity, it is necessary to understand the mechanisms underlying aminoglycoside ototoxicity.
A few years ago, it was unknown what type of cell death, apoptosis or necrosis, occurred in cochlear hair cells following aminoglycoside exposure. However, recently it has been shown in several studies that aminoglycoside induces apoptosis in inner ear hair cells (Forge 1985; Li et al. 1995; Nakagawa et al. 1997 Nakagawa et al. , 1998 Lenoir et al. 1999; Forge and Li 2000) . Many kinds of enzymes associated with apoptosis have already been identified (Salvesen and Dixit 1997; Raff 1998; Johnson 2000) . Of those, the most well known protease is caspase. More recently, however, evidence has accumulated that non-caspase, proteases including calpains, also participate in mediating and promoting cell death (Johnson 2000) . To investigate the apoptotic mechanisms of ototoxic and/or acoustic injury, protease inhibitors such as leupeptin, which is a calpain inhibitor, and Boc-Asp-O-CH3-fluoromethyl ketone (BAF), which is a caspase inhibitor, are generally used (Liu et al. 1998; Salvi et al. 1998; Cheng et al. 1999; Wang et al. 1999; Ding et al. 2002; Matsui et al. 2002) . It has been reported that leupeptin protects inner ear hair cells from gentamicin ototoxicity in vitro (Ding et al. 2002) . It has also been shown that the inhibition of caspase promotes inner ear hair cell survival in the chick after neomycin treatment (Matsui et al. 2002) .
A previous study has been performed to compare effects of calpain and caspase inhibitors in inner ear hair cell loss induced by hypoxia and neurotrophin-withdrawal (Cheng et al. 1999) . However, comparison of those effects in cochlear hair cell death due to aminoglycoside exposure has never been reported. The aim of the present study was to show that aminoglycoside induces apoptosis in cochlear hair cells and to investigate the roles of calpain and caspase in this hair cell loss.
MATERIALS AND METHODS

Cochlear culture
This study was carried out in accordance with the Guidelines for Animal Experimentation at Hirosaki University.
Cochlea explant cultures were prepared from 84 postnatal 6-day C57BL/6J mice. Mice were deeply anesthetized by inhalation of diethyl ether and then sacrificed by cervical transection. Using forceps, the cochlear was dissected from the temporal bone with the aid of a stereomicroscope and was transferred to a dish containing 0.01M sodium phosphate buffered saline ([PBS], Invitrogen, Carlsbad, CA, USA). Then the otic capsule was carefully removed. The organ of corti was peeled off from the modiolus and the stria vascularis was also removed. Since hair cells in the apex are resistant to aminoglycoside (Romand and Chardin 1999; Kopke et al. 1999) , in this study we used the basal turn. The tissue pieces were attached to glass plates (FALCON, Billerica, MA, USA) coated with poly-D-lysine and Ornithine. The cochlear explants were cultured in Dulbecco's Modified Eagle's Medium (Invitrogen) supplemented with D-glucose (WAKO, Osaka, final concentration: 6 g/l). These culture dishes were put into an incubator under a 5% CO 2 atmosphere. The temperature was set at 37°C and culture media was not renewed. Cultures maintained in normal medium for 4 days were used as a control. After 2 days in normal medium, neomycin sulfate (neomycin, Sigma, St. Louis, MO, USA) of seven different concentrations (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 1.0 mM) were each added to ten explants, which were then cultured for 48 hours. The cochlear explants were also cultured with leupeptin (calpain inhibitor, Sigma) or BAF (caspase inhibitor, Enzyme System Products, Irvine, CA, USA) to investigate the effect of each against neomycin damage on inner ear hair cells and to determine their effective doses. Following 2 days of culturing with leupeptin (2, 4, 6, 10, 40 μ g/ml), the explants were exposed to neomycin (0.2 or 1.0 mM) as previously mentioned. Likewise, cochlear explants were cultured with BAF (200 μ M or 500 μ M) in place of leupeptin. We referred to previous studies for selecting these doses (Liu et al. 1998; Salvi et al. 1998; Cheng et al. 1999; Wang et al. 1999) .
Phalloidin-FITC staining
The cultures were fixed with 4% paraformaldehyde at room temperature for 30 min and then incubated in t-Octylphenoxypolyethoxyethanol (Sigma) dissolved in PBS at 1% (PBS-TritonX100) for 15 min. They were then stained with 3.0 μ g/l phalloidin-fluorescein isothiocyanate (phalloidin-FITC, Sigma) for 45 min. The dishes were covered with aluminum foil as the phalloidin is light sensitive. The cochlear explants were washed twice in PBS and observed using a laser microscope (LSM310 laser scan system ZEISS, Oberkochen, Baden-Württemberg, Germany) with appropriate filters for FITC (absorption: 488 nm, emission: 522 nm). Hair cells were counted as missing if there was a total absence of stereocilia bundle labeling. Surviving inner hair cells (IHCs) or outer hair cells (OHCs) were counted over a 100 μ m longitudinal distance from four randomly selected fields in the basal turn of each culture. The average of the cell counts from these was taken as one sample. All statistical analysis was performed using the one-way analysis of variance (ANOVA) with post-hoc multiple comparisons using the Bonferroni adjusted p values with a value of p < 0.01 considered significant.
TdT-mediated dUTP-biotin nick end labeling (TUNEL) method
After the explants were fixed with 4% paraformaldehyde in the same manner as in phalloidin-FITC staining, TUNEL labeling was performed using an ApopTag Peroxidase In Situ Apoptosis Detection Kit (CHEMICON International, Temecula, CA, USA). The tissue was incubated in terminal deoxynucleotidyl transferase (TdT) enzyme solution in a humidifier for 2 hours at 37°C. A stop/wash buffer was added to the dish, and the tissue was incubated for 10 min. The specimens were exposed to digoxigenin for 30 min and then were reacted with diaminobenzidine for 3 min. Additionally, hematoxylin for nuclear staining was used. These cochlear explants were observed and photographed with a microscope (ZEISS).
RESULTS
Phalloidin FITC staining: Neomycin damage in cochlear cultures
Phallodin was used as a marker to identify surviving hair cells in cochlear explant cultures, as it binds to F-actin, which is highly enriched in the stereociliary bundles of the hair cell. FITCconjugated phalloidin intensely labeled the IHC and OHC stereochilia bundles allowing easy identification of hair cells present. Hair cells were counted as surviving if stereochilia bundle labeling was clear enough to identify each cell.
The orderly arrangement of the three rows of OHCs and a single row of IHCs in a control tissue is shown in Fig. 1A . After 2 days in a normal medium, neomycin was added at 0.2 mM, and incubated for 48 hrs. There was massive loss of OHCs, but IHCs were not missing (Fig. 1B) . On the other hand, almost all hair cells were not present after treatment with 1 mM neomycin (Fig.  1C) . The numbers of surviving hair cells in the control and the neomycin-treated groups are shown in Fig. 2A (OHCs) and Fig. 2B (IHCs). Compared with the control, the significant loss of surviving hair cells was observed at 0.1 mM or higher concentrations of neomycin in OHCs ( p < 0.01) and at 0.4 mM or higher concentrations of neomycin in IHCs ( p < 0.01). These data showed that cochlear hair cells were damaged by neomycin in a dose-dependent manner, and that IHCs were more resistant than OHCs to aminoglycoside ototoxicity.
Phalloidin FITC staining: Protective effects of leupeptin and BAF
To determine the dose of leupeptin, we performed a dose-dependent study by examining different concentrations ranging from 2 to 40 μ g/ml in the cultures (Fig. 3) . Administration of leupeptin was significantly effective at 4 μ g/ml or higher concentrations on OHC survival ( p < 0.01) (Fig. 3A) . After neomycin (1 mM) treatment, the protective effect of leupeptin on OHCs was saturated at a concentration of 6 -40 μ g/ml, whereas there was significant effect on IHC survival only at 10 μ g/ml leupeptin (Fig. 3B) . Consequently, we determined that the effective dose of leupeptin was 10 μ g/ml. In addition, to determine the effective dose of BAF, we cultured cochlear explants with 200 μ M or 500 μ M of BAF as in previous studies (Wang et al. 1999; Cheng et al. 1999) , without neomycin for 4 days. However, almost all hair cells were lost at 500 μ M of BAF (data not shown). On the other hand hair cell loss was not observed in 200 μ M of BAF. Therefore we selected 200 μ M as the optimal dose of BAF.
We analyzed protective effects of leupeptin at 10 μ g/ml against neomycin at concentrations of 0.2 and 1 mM (Fig. 1 D and E) . The number of surviving hair cells in those leupeptin-treated groups were counted and compared to those in the same concentration of neomycin treated groups (Fig. 4) . Increasing the dose of neomycin resulted in further loss of cochlear hair cells, but the addition of leupeptin resulted in a significant increase of surviving OHCs nearly equal to the control (Fig.  4A) . The effect of leupeptin on IHCs was statistically significant, but less than that of OHCs ( p < 0.01) (Fig. 4B) . Fig. 1 F and G show the effect of 200 μ M BAF against 0.2 mM and 1 mM neomycin exposure. After treatment with BAF, the surviving number of OHCs was significantly increased when the neomycin concentration was 0.2 mM ( p < 0.01) (Fig. 4A) . However, with an increased dose of neomycin to 1 mM, few OHCs Photographs of cochlear hair cells labeled by phalloidin-FITC that were cultured for 4 days in various medium conditions. A: control, cultured in normal medium. The three rows of OHCs and the single row of IHCs can be clearly seen. B: cultured with 0.2 mM neomycin. There was massive loss of OHCs, but IHCs were not damaged. C: cultured with 1 mM neomycin. Almost all hair cells were missing. D: pretreated with leupeptin 10 μ g/ml and added neomycin 0.2 mM was similar to the control tissue. E: pretreated with leupeptin 10 μ g/ml and added neomycin 1 mM. Surviving OHCs were increased to nearly equal to the control. However, the effect of leupeptin on IHCs was less than that of OHCs. F: pretreated with BAF 200 μ M and added neomycin 0.2 mM. Nearly half of OHCs were damaged. G: pretreated with BAF 200 μ M and added neomycin 1 mM. Almost all hair cells were missing. All photographs are equal magnification. OHC, outer hair cell; IHC, inner hair cell. Leupeptin was significantly effective at 4 μ g/ml or higher concentrations on OHC survival and this result was showed in (A). There was only significant effect on IHC survival at 10 μ g/ml of leupeptin and this result was showed in (B). Control and neomycin 1 mM group was n = 10. The other groups were n = 8. NM, neomycin; LP, leupeptin; OHC, outer hair cell; IHC, inner hair cell.
*
Statistical significance ( p < 0.01) when compared to 1 mM of neomycin.
were present (Fig. 4A ). There was no protective effect of BAF on IHC survival (Fig. 4B ). The number of OHCs (neomycin at 0.2 and 1 mM) and IHCs (at neomycin 1mM) in the BAF treated group were significantly less than those of the leupeptin treated group ( p < 0.01).
TUNEL labeling
There was a regular array composed of one row of IHCs and three rows of OHCs, and there were no TUNEL labeled cells in control tissue (Fig. 5A ). Many TUNEL positive cells were observed in the cochlea cultured with 1 mM of neomycin and all labeled cells were in the area of hair cells present (Fig. 5B) . In the organ of Corti treated with 10 μ g/ml of leupeptin and 1 mM of neomycin, TUNEL positive cells were not identified (Fig. 5C ). However, in the tissue cultured with 200 μ M of BAF and 1 mM neomycin, many positive cells were observed (Fig. 5D ) as in the neomycin treated group. From these results, leupeptin could protect cochlear hair cells from apoptosis induced by neomycin.
DISCUSSION
In the previous studies, the ototoxicity of aminoglycoside has been investigated. At present, it is suggested that the inner ear hair cell death induced by aminoglycide is apoptosis. In 1985, Forge (1985) indicated that degenerative changes of OHCs in the cochlea following chronic aminoglycoside teratment showed some morphological features similar to apoptosis. This degeneration of hair cells has been reported to involve apoptosis Nakagawa et al. 1997; Lenoir et al. 1999; Forge and Li 2000) . Apoptosis is associated with the fragmentation of chromatin into a characteristic 180 to 200-bp DNA ladder. This DNA ladder can be detected by a reaction with TdT, which incorporates nucleotides into the free 3´-OH ends of the DNA molecule. Hence, cells undergoing apoptosis have large numbers of these DNA fragments, which can be detected in situ by the TUNEL method (Gavrieli et al. 1992) . DNA fragmentation of hair cells induced by aminoglycoside treatment was The number of surviving OHCs was the X-axis in (A) and that of IHCs was the X-axis in (B). Both BAF and leupeptin were effective against neomycin ototoxicity, but leupeptin was more effective than BAF. Each group was n = 10. NM, neomycin; BAF, Boc-Asp-O-CH3-fluoromethyl ketone 200 μ M; LP, leupeptin 10 μ g/ml. * p < 0.01.
identified in the mouse (Nakagawa et al. 1998) and chick (Matsui et al. 2002) using this method.
In the present study, after treatment with neomycin, many TUNEL labeled cells which had DNA fragments were observed in the region of hair cells present. These results indicate that ototoxicity due to neomycin induced apoptosis of cochlear hair cells. Programmed cell death in apoptosis occurs via an orderly series of cellular events (Raff 1998) . It is considered that caspase is the key enzyme of the cascade of apoptosis in many organs. Caspase inhibitors prevent apoptosis in many types of neurons (Salvesen and Dixit 1997) and in auditory and vestibular hair cells (Liu et al. 1998; Forge and Li 2000; Matsui et al. 2002) . In the present study, the general caspase inhibitor BAF promoted OHC survival when used in conjunction with 0.2 mM of neomycin. This is comparable with the protective effect of BAF in cultured chick utricles (Matsui et al. 2002) .
However, approximately half of OHCs treated wtih 0.2 mM of neomycin were not rescued by BAF. When used in conjunction with 1mM of neomycin, BAF did not protect OHCs and IHCs. These observations suggest that a caspaseindependent pathway could mediate some hair cell death following neomycin. Calpain, which is a calcium-dependent cysteine protease, is activated when intracellular calcium levels increase (Sorimachi 2000; Hata et al. 2001) . Intracellular Ca 2+ ions of hair cells are closely linked to a variety of neuronal processes such as changes in membrane conductance, synaptic, activation, and transmitter secretion (Ikeda 2004) . Previous studies have shown that aminoglycoside antibiotics cause a dose-dependent increase in intracellular calcium levels in avian hair cells in organotypic cultures (Hirose et al. 1999) . The increase in intracellular calcium suggests that neomycin treatment might lead to upregulation of calcium-activated proteases resulting in the breakdown of cytoskeletal and membrane proteins, phosphatases, kinases, and transcription factors, conclusively leading to hair cell death (Bartus et al. 1995) . More recently, the increase in calpain immunolabeling in hair cells after aminoglycoside treatment was indicated (Ding et al. 2002) , and it was also suggested that leupeptin protected cochlear and vestibular hair cells from gentamicin treatment (Ding et al. 2002) .
Leupeptin is one of the common inhibitors of calpains and has been shown to inhibit programmed cell death in other cells (Montenez et al. 1994) . Regarding the inner ear, leupeptin was proven to protect auditory hair cells from acoustic overstimulation (Salvi et al. 1998; Wang et al. 1999) , hypoxia and neurotrophin-withdrawal (Cheng et al. 1999) .
In the present study, leupeptin increased the surviving number of hair cells following neomycin treatment, and reduced TUNEL positive cells. These findings suggest that calpain participates in the auditory hair cell death induced by neomycin treatment. Furthermore, the administration of leupeptin was more effective than that of BAF. We therefore suggest that calpain rather than caspase is involved in the apoptosis pathway of auditory hair cells. Additionally, the effect of leupeptin is more significant on OHCs than IHCs. It has been well known that OHCs were susceptible to damage by several ototoxins including aminoglycoside. The susceptibility to damage caused by aminoglycoside of OHCs has been investigated repeatedly and the differences between OHCs and IHCs have been well known. For example, KCNQ4 encodes a K + channel that is exclusively localized in the outer hair cells and KCNQ4 mutation leads to progressive hearing loss (Ikeda 2004) . In the present study, the protective effect of leupeptin was more significant in OHCs than that in IHCs, and statistically significant loss of OHCs was induced by neomycin at a lower concentration than that of IHCs.
It has been reported that the administration of leupeptin to primates facilitated the morphological and functional recovery of damaged peripheral nerves without causing any hematological problems (Badalamente et al. 1989 ). When leupeptin is delivered into scala tympani, it protects the hair cells from acoustic overstimulation (Salvi et al. 1998; Wang et al. 1999) . Taken together, we suggest the possibility for the clinical use of leupeptin.
